Yoshida S, Shime H, Takeda Y, et al. Toll‐like receptor 3 signal augments radiation‐induced tumor growth retardation in a murine model. Cancer Sci. 2018;109:956--965. <https://doi.org/10.1111/cas.13543>

**Funding information**

Japan Agency for Medical Research and Development, Uehara Memorial Foundation, Ministry of Education, Culture, Sports, Science and Technology, AMED, JSPS KAKENHI Grant Number JP16K08704, GSK Research Fund, Takeda Science Foundation

Yoshida and Shime equally contributed to this study.

Batf3

:   basic leucine‐zipper ATF‐like transcription factor 3

cGAMP

:   cyclic GMP‐AMP

cGAS

:   cyclic GMP‐AMP synthase

DAMP

:   damage‐associated molecular patterns

DC

:   dendritic cells

DLN

:   draining lymph node

dsRNA

:   double‐stranded RNA

IFN

:   interferon

IR

:   ionizing radiation

LLC

:   Lewis lung carcinoma

LLC‐OVA

:   ovalbumin‐expressing Lewis lung carcinoma

MAVS

:   mitochondrial antiviral‐signaling protein

MDSC

:   myeloid derived suppressor cells

MyD88

:   myeloid differentiation primary response 88

pDC

:   plasmacytoid dendritic cells

polyI:C

:   polyinosinic‐polycytidylic acid

STING

:   stimulator of interferon genes

TAA

:   tumor‐associated antigen

TAM

:   tumor‐associated macrophages

TBK

:   TANK‐binding kinase 1

TICAM‐1

:   toll‐interleukin 1 receptor domain (TIR)‐containing adaptor molecule‐1

TIR

:   toll‐interleukin 1 receptor domain

TLR

:   toll‐like receptor

TNF‐α

:   tumor necrosis factor alpha

1. INTRODUCTION {#cas13543-sec-0001}
===============

Tumor‐directed irradiation induces biological response in both the tumor and tumor‐infiltrating immune cells. IR provokes DNA damage in the tumor and induces inflammation in the tumor microenvironment.[1](#cas13543-bib-0001){ref-type="ref"}, [2](#cas13543-bib-0002){ref-type="ref"} TAA are released from damaged cells that facilitate cross‐presentation by DC, which reside in DLN and cross‐prime antigen‐specific T cells. Simultaneously, DNA liberated from tumor cells by radiation serves as a DAMP that modulates DC maturation.[3](#cas13543-bib-0003){ref-type="ref"} Both DAMP and TAA liberated from irradiated tumors act on immune cells within tumors and DLN.

Endosomal detection of DNA activates the TLR 9‐MyD88 signaling pathway in pDC. Cytosolic detection of DNA activates the cGAS‐STING pathway in the cytoplasm of various cells.[4](#cas13543-bib-0004){ref-type="ref"} The 2 pathways are linked to activation of TBK1 and IκB kinase, leading to induction of type I IFN.[5](#cas13543-bib-0005){ref-type="ref"} Type I IFN signaling by STING but not by MyD88 plays an important role in DC maturation and CTL‐dependent tumor growth retardation during radiotherapy of the MC38 tumor.[6](#cas13543-bib-0006){ref-type="ref"} By contrast, endosomal detection of structured RNA leads to activation of the TLR3‐TICAM‐1 pathway.[7](#cas13543-bib-0007){ref-type="ref"} This pathway specifically resides in myeloid cells including DC and macrophages.[8](#cas13543-bib-0008){ref-type="ref"} CTL are effectively induced by exogenously added TAA and polyI:C, a kind of synthetic dsRNA mimic.[9](#cas13543-bib-0009){ref-type="ref"} Although structured RNA might be a DAMP from host cells,[10](#cas13543-bib-0010){ref-type="ref"} less knowledge on RNA DAMP has been reported than DNA DAMP, thereby the relationship between RNA and radiation therapy has been poorly discussed.

Nevertheless, maturation of DC by innate sensors is an essential prerequisite for induction and proliferation of tumor‐specific CTL.[11](#cas13543-bib-0011){ref-type="ref"} Once CTL are induced to proliferate in response to TAA, tumor regression occurs in primary as well as in metastatic tumors.[12](#cas13543-bib-0012){ref-type="ref"} CTL infiltration into the tumor is essential for tumor growth retardation at distant sites. With radiation therapy, an abscopal effect has been reported in rare clinical cases, which implies that CTL induction by radiotherapy is effective not only locally but also at distant tumor sites.[13](#cas13543-bib-0013){ref-type="ref"}, [14](#cas13543-bib-0014){ref-type="ref"}

In experimental LLC‐OVA implanted mice, CTL are barely induced by radiation alone and host cell STING is not involved in therapeutic efficacy. Hence, radiation monotherapy is not sufficient to activate an immune response. However, when radiation was combined with a dsRNA, polyI:C, radiation‐induced anti‐tumor immunity emerged without giving TAA (OVA antigen in the case of LLC‐OVA). The TLR3 pathway was essential for the anti‐tumor effect of polyI:C.[9](#cas13543-bib-0009){ref-type="ref"} In the tumor microenvironment, TLR3 is expressed in Batf3‐positive DC (CD141^+^ DC in human, CD8α^+^ and CD103^+^ DC in mouse) and in TAM, but not in pDC.[15](#cas13543-bib-0015){ref-type="ref"}, [16](#cas13543-bib-0016){ref-type="ref"}, [17](#cas13543-bib-0017){ref-type="ref"} TAM are known to release TNF‐α in response to polyI:C to induce tumor cell death.[16](#cas13543-bib-0016){ref-type="ref"} Herein, the therapeutic effect of polyI:C in combination with radiotherapy is shown to be a result of priming of CTL by TLR3‐positive DC and enhanced radiation‐sensitivity through TNF‐α produced by intra‐tumor macrophages.

2. MATERIALS AND METHODS {#cas13543-sec-0002}
========================

2.1. Mice {#cas13543-sec-0003}
---------

Inbred wild‐type C57BL/6 (WT B6) and *Batf3* ^−/−^ mice were purchased from Clea Japan and Jackson Laboratory, respectively. *Tnf‐*α^−/−^ and *Tlr3* ^−/−^ mice were kindly provided by Y. Iwakura (Tokyo University of Science) and S. Akira (Osaka University) respectively. *Ticam‐1* ^−/−^ and *Mavs* ^−/−^ mice were generated in our laboratory.[18](#cas13543-bib-0018){ref-type="ref"}, [19](#cas13543-bib-0019){ref-type="ref"} STING‐deficient (*Tmem173* ^−/−^) mice were developed in our laboratory by CRISPR/Cas9 method as previously reported.[20](#cas13543-bib-0020){ref-type="ref"} Mice 6‐14 weeks old were used and maintained under specific pathogen‐free conditions. All animal experiments were approved by the Institutional Animal Care and Use Committee of Hokkaido University and carried out in compliance with their guidelines.

2.2. Cell culture {#cas13543-sec-0004}
-----------------

LLC‐OVA cells,[21](#cas13543-bib-0021){ref-type="ref"} kindly provided by Dr T. Nishimura and Dr H. Kitamura (Hokkaido University), were cultured in Iscove\'s Modified Dulbecco\'s Medium (IMDM) supplemented with 10% FBS, 2 mmol/L [l]{.smallcaps}‐glutamine, 25 mmol/L HEPES buffer, 55 μmol/L 2‐mercaptoethanol, 100 U/mL penicillin, 100 μg/mL streptomycin (Life Technologies), and 100 μg/mL G418 (Roche).

2.3. Tumor challenge {#cas13543-sec-0005}
--------------------

Mice were shaved on the back and LLC‐OVA cells (2 × 10^6^) suspended in 200 μL PBS were s.c. injected. Tumor size was measured by calipers and volume was calculated using the following formula: tumor volume (cm^3^) = (long diameter) × (short diameter)^2^ × 0.4. When the tumor volume reached approximately 0.4 cm^3^, mice were i.p. injected with polyI:C (GE Healthcare) with no detectable LPS. After 24 hours, X‐irradiation was carried out using MBR‐1520R‐4 (Hitachi, Tokyo, Japan) under the condition of 150 kV, 20 mA and 1.5 Gy/min. Low‐energy radiation was filtered with a 2‐mm‐thick aluminium filter. During the irradiation, mice were anesthetized and shielded with 3‐mm‐thick lead excluding the tumor area. In vivo depletion of CD8^+^ T cells was achieved by i.p. injection of ascites containing mAb against CD8β.

2.4. Flow cytometry {#cas13543-sec-0006}
-------------------

Single‐cell suspensions isolated from tumors, spleens, or lymph nodes were stained with fluorescence‐labeled Abs after blockade with an anti‐CD16/32 Ab. For intracellular TNF‐α staining, we isolated tumors from mice 1 hour after injection of PBS or polyI:C and incubated the cells in the presence of 10 μg/mL Brefeldin A for 5 hours. Following fixation, permeabilizing and staining with anti‐TNF Ab were carried out using BD Cytofix/Cytoperm Kit (BD Biosciences). Cells were analyzed on FACS Calibur or FACS Aria II (BD Biosciences). Data analysis was done with FlowJo software (Tree Star). Abs used for the flow cytometric analysis are listed in Table [S1](#cas13543-sup-0001){ref-type="supplementary-material"}.

2.5. Determination of TNF‐α levels in tumor {#cas13543-sec-0007}
-------------------------------------------

Small pieces of tumor samples were homogenized with CelLytic MT Mammalian Tissue Lysis/Extraction Reagent (Sigma, St Louis, MO, USA) supplemented with Complete Protease Inhibitor Mixture (Roche). TNF‐α levels in lysate were determined using a cytometric beads assay (BD Biosciences).[22](#cas13543-bib-0022){ref-type="ref"}

2.6. WST‐1 assay {#cas13543-sec-0008}
----------------

5 × 10^3^ cells were cultured in 96‐well plates and treated with TNF‐α (R&D Systems). X‐irradiation was carried out using CellRad (Faxitron Bioptics) under the condition of 130 kV, 5 mA, 1.5 Gy/min. Cells were cultured for 48 hours after radiation. Then, cell viability was determined using WST‐1 assay reagent (Dojindo Laboratories, Kumamoto, Japan).[22](#cas13543-bib-0022){ref-type="ref"}

2.7. Quantitative reverse transcription PCR (RT‐qPCR) {#cas13543-sec-0009}
-----------------------------------------------------

Total RNA was isolated from tumor samples using TRIzol Reagent (Invitrogen) after cutting samples into small pieces. High‐Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used for reverse transcription. Quantitative PCR was carried out with Power SYBR Green PCR Master Mix (Applied Biosystems) with a StepOne Real‐Time PCR System (Applied Biosystems). Gene expression levels of targets were normalized to GAPDH levels. Data were analyzed by the ΔΔ*C* ~T~ method. Primer pairs are listed in Table [S2](#cas13543-sup-0001){ref-type="supplementary-material"}.

2.8. Statistical analysis {#cas13543-sec-0010}
-------------------------

*P*‐values were calculated using the following statistical analysis. Mann‐Whitney *U*‐test and one‐way ANOVA with Bonferroni\'s test were carried out in the case of 2 groups‐ and multiple‐comparison, respectively.

3. RESULTS {#cas13543-sec-0011}
==========

3.1. PolyI:C enhances radio‐induced tumor shrinkage through the TLR3‐TICAM‐1 pathway {#cas13543-sec-0012}
------------------------------------------------------------------------------------

LLC‐OVA cells were implanted into mice and when tumors grew to \~0.4 cm^3^, tumor‐directed X‐irradiation was carried out as previously reported.[23](#cas13543-bib-0023){ref-type="ref"}, [24](#cas13543-bib-0024){ref-type="ref"} One day before the irradiation, mice were i.p. injected with polyI:C or left untreated. The LLC‐OVA tumor is known to be relatively resistant to radiotherapy and to immunotherapy.[23](#cas13543-bib-0023){ref-type="ref"} PolyI:C or radiation alone induced only modest tumor growth retardation (Figure [1](#cas13543-fig-0001){ref-type="fig"}A). However, combination of the two was more effective and induced tumor shrinkage (Figure [1](#cas13543-fig-0001){ref-type="fig"}A). Pretreatment with polyI:C was better than post‐treatment judged by the degree of tumor growth retardation (Figure [S1](#cas13543-sup-0001){ref-type="supplementary-material"}). These results suggest that pretreatment with polyI:C additively enhances radiation‐induced tumor growth inhibition. Because polyI:C stimulates both the endosomal TLR3‐TICAM‐1 and the cytosolic melanoma differentiation‐associated gene 5 (MDA5) MAVS pathways,[25](#cas13543-bib-0025){ref-type="ref"} contribution of these 2 pathways to retardation of tumor growth was assessed in KO mice (Figure [1](#cas13543-fig-0001){ref-type="fig"}B). Tumor growth suppression was largely abrogated in TLR3‐ or TICAM‐1‐deficient mice with minimal effect in MAVS‐deficient animals. Hence, inhibition of tumor growth was mainly through the TLR3‐TICAM‐1 pathway in response to polyI:C‐radiation therapy.

![Augmentation of radiation‐induced tumor growth retardation by polyinosinic‐polycytidylic acid (polyI:C): identification of the key signaling pathway. A, Ovalbumin‐expressing Lewis lung carcinoma (LLC‐OVA)‐implanted WT B6 mice were i.p. injected with polyI:C (100 μg/head) when tumor volume reached approximately 0.4 cm^3^. After 24 hours, 15 Gy ionizing radiation (IR) was carried out. Data were pooled from two independent experiments with similar results. n = 5‐7 mice per group. B, Growth of LLC‐OVA tumors on WT B6, *Tlr3* ^−/−^, *Ticam* ^−/−^, or *Mavs* ^−/−^ mice in the same treatment as in Figure [1](#cas13543-fig-0001){ref-type="fig"}A; n = 3‐5 mice per group (C) Growth of LLC‐OVA tumors on WT B6 or *Tmem173* ^−/−^ mice in the same treatment as in (A); n = 5 mice per group. Data are shown as average (SD) tumor size. \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001. n.s., not significant](CAS-109-956-g001){#cas13543-fig-0001}

3.2. STING barely associates with radio‐induced LLC‐OVA growth suppression in a mouse model {#cas13543-sec-0013}
-------------------------------------------------------------------------------------------

Because STING (encoded by the *Tmem173* gene) has been reported to be a central mediator of radiation‐induced anti‐tumor responses,[6](#cas13543-bib-0006){ref-type="ref"} X‐irradiation was carried out on LLC‐OVA tumor‐bearing *Tmem173* ^−/−^ mice. Radiation was as effective in *Tmem173* ^−/−^ recipients as it was in WT B6 mice (Figure [1](#cas13543-fig-0001){ref-type="fig"}C), indicating that STING in host immune cells provides little or no therapeutic benefit. Furthermore, STING is likely not involved in DC maturation and subsequent CTL activation during radiotherapy. TLR3 stimulation of DC prior to radiation therapy significantly reduced tumor size in *Tmem173* ^−/−^ mice (Figure [1](#cas13543-fig-0001){ref-type="fig"}C). Thus, at least in the LLC‐OVA model, polyI:C increases the therapeutic effect of radiation in a STING‐independent way. As polyI:C works as a DC‐priming adjuvant,[15](#cas13543-bib-0015){ref-type="ref"} the role of DC/CTL in the anti‐tumor immune response was evaluated.

3.3. DC and CD8^+^ T cells participate in polyI:C‐radiation‐mediated tumor shrinkage {#cas13543-sec-0014}
------------------------------------------------------------------------------------

Role of polyI:C‐induced DC priming in tumor growth retardation was evaluated in the LLC‐OVA model. *Batf3* ^−/−^ mice are deficient in TLR3‐positive DC[15](#cas13543-bib-0015){ref-type="ref"}, [26](#cas13543-bib-0026){ref-type="ref"} and tumor growth retardation by combination therapy was abrogated in *Batf3* ^−/−^ mice (Figure [2](#cas13543-fig-0002){ref-type="fig"}A). Without polyI:C, tumor growth suppression by radiation‐monotherapy was similar in WT and *Batf3* ^−/−^ mice (Figure [2](#cas13543-fig-0002){ref-type="fig"}A). Thus, unlike radiation monotherapy, combination therapy induced immunogenic tumor growth retardation governed by Batf3‐positive DC.

![Polyinosinic‐polycytidylic acid (polyI:C) requires basic leucine‐zipper ATF‐like transcription factor 3 (Batf3)‐dependent dendritic cells (DC) and CTL in enhancing tumor growth retardation by ionizing radiation (IR). A, Growth of ovalbumin‐expressing Lewis lung carcinoma (LLC‐OVA) tumors on WT B6 or *Batf3* ^−/−^ mice in the same treatment as in Figure [1](#cas13543-fig-0001){ref-type="fig"}A; n = 3‐4 mice per group. B, Growth of LLC‐OVA tumors on WT B6 mice with or without anti‐CD8β Ab treatment. PolyI:C injection and IR were carried out as shown in Figure [1](#cas13543-fig-0001){ref-type="fig"}A. Anti‐CD8β Ab was injected into tumor‐bearing mice 24 hours before and 6 days after giving polyI:C; n = 3‐5 mice per group. Data are shown as average (SD) tumor size. \**P* \< .05. n.s., not significant](CAS-109-956-g002){#cas13543-fig-0002}

Inhibition of LLC‐OVA tumor growth with polyI:C‐radiation therapy was abolished by pretreatment with anti‐CD8β specific Ab (Figure [2](#cas13543-fig-0002){ref-type="fig"}B), showing that CD8^+^ T cells are involved in retardation of tumor growth. Radiation monotherapy poorly induces tumor‐specific CD8^+^ T cells, which was confirmed in the present study (Figure [S2](#cas13543-sup-0001){ref-type="supplementary-material"}A). This result implies that the main effect of radiation is not the induction of anti‐tumor immunity but rather the direct damage of tumor cells. Indeed, X‐irradiation increased TUNEL‐positive cells in LLC‐OVA tumors within 48 hours after irradiation (Figure [S2](#cas13543-sup-0001){ref-type="supplementary-material"}B). These results suggest that tumor‐effective CD8^+^ T cells are induced depending upon polyI:C pretreatment.

3.4. PolyI:C and radiation synergistically activate CTL in systemic lymphoid tissue {#cas13543-sec-0015}
-----------------------------------------------------------------------------------

In lymphoid organs, Batf3‐positive DC are critical for priming CTL by cross‐presentation.[27](#cas13543-bib-0027){ref-type="ref"} The activation state of CTL was analyzed in DLN and spleens 6 days after the start of treatment. Separately, PolyI:C and radiation marginally increased the CTL (CD8^+^ CD3^+^) population in the spleen. However, a combination of these treatments significantly expanded this cell population (Figure [3](#cas13543-fig-0003){ref-type="fig"}A). Although expansion of the CD8^+^ CD3^+^ population in DLN was minimal (Figure [3](#cas13543-fig-0003){ref-type="fig"}A), the ratio of CTL CD44^+^ CD62L^−^ cells in DLN and also spleens was most elevated with combination therapy (Figure [3](#cas13543-fig-0003){ref-type="fig"}B). CD44^+^ CD62L^−^ CTL are known to be an effector/memory subset,[28](#cas13543-bib-0028){ref-type="ref"}, [29](#cas13543-bib-0029){ref-type="ref"} and it appears that polyI:C and radiation synergistically induce CTL‐activation and memory. Similar results were obtained by counting OVA‐tetramer^+^ CTL; however, the OVA‐tetramer^+^ population was not necessarily elevated in all mice in the polyI:C‐radiation group (Figure [3](#cas13543-fig-0003){ref-type="fig"}C). As CD44^+^ CD62L^−^ CTL were increased in the polyI:C‐radiation group when compared to the other groups (Figure [3](#cas13543-fig-0003){ref-type="fig"}B), tumor antigens other than OVA may act as TAA to be involved in antigen‐cross‐presentation in Batf3‐positive DC. These antigens were not identified, but CTL activity was increased by polyI:C‐radiation therapy in systemic lymphoid organs.

![Polyinosinic‐polycytidylic acid (polyI:C) and ionizing radiation (IR) synergistically activate CTL in lymph node and spleen. A‐C, Ovalbumin‐expressing Lewis lung carcinoma (LLC‐OVA)‐implanted WT B6 mice were treated with polyI:C and IR as in Figure [1](#cas13543-fig-0001){ref-type="fig"}A. Lymph nodes and spleens were harvested on day 6 after the start of treatment and subjected to flow cytometric analysis; n = 5‐6 mice per group](CAS-109-956-g003){#cas13543-fig-0003}

3.5. CTL tumor infiltration is increased by polyI:C‐radiation therapy {#cas13543-sec-0016}
---------------------------------------------------------------------

Tumor‐infiltrating CD8^+^ CD3^+^ cells were counted in WT B6 mice bearing the LLC‐OVA tumor. Days 8 and 10 after the start of treatment, tumors were harvested and analyzed for tumor‐infiltrating immune cells by FACS. Separately, polyI:C and radiation treatment enhanced CTL infiltration, but an additive effect was observed on both days 8 and 10 when both polyI:C and radiation were given (Figure [4](#cas13543-fig-0004){ref-type="fig"}A). The order of polyI:C and radiation delivery did not affect CTL infiltration (data not shown). However, CD11b^+^ Gr‐1^+^ cells (MDSC)[30](#cas13543-bib-0030){ref-type="ref"}, [31](#cas13543-bib-0031){ref-type="ref"} were decreased when radiation was combined with polyI:C pretreatment, but not post‐treatment (Figure [S3](#cas13543-sup-0001){ref-type="supplementary-material"}).

![Combination of polyinosinic‐polycytidylic acid (polyI:C) and ionizing radiation (IR) augments CTL infiltration into tumor. A, Ovalbumin‐expressing Lewis lung carcinoma (LLC‐OVA)‐implanted WT B6 mice were treated with polyI:C and IR as in Figure [1](#cas13543-fig-0001){ref-type="fig"}A. Tumors were harvested on day 8 or 10 after the start of treatment, and cells were analyzed by FACS Calibur or Aria II. FACS plots of day 8 are representative results of 2 with similar outcomes. For FACS plots of day 10, tumors of 5‐6 mice were mixed into the single group. Dot graph shows frequency of CD8^+^ CD3^+^ CD45^+^ cells in individual tumors before mix. B, Analysis of gene expression levels in tumors by RT‐qPCR. Total RNA was collected from tumors harvested on day 10 after the start of polyI:C‐IR treatment as in Figure [4](#cas13543-fig-0004){ref-type="fig"}A; n = 5‐6 mice per group. \**P* \< .05, \*\**P* \< .01, n.s. not significant](CAS-109-956-g004){#cas13543-fig-0004}

Intratumor mRNA levels for T‐cell‐associated chemotactic and cytotoxic molecules were assessed (Figure [4](#cas13543-fig-0004){ref-type="fig"}B). As CD8^+^ T cells are known to infiltrate into tumor through the signaling of C‐X‐C chemokine receptor 3 (CXCR3) and C‐C chemokine receptor 5 (CCR5),[32](#cas13543-bib-0032){ref-type="ref"}, [33](#cas13543-bib-0033){ref-type="ref"} expression levels of ligands for these receptors were evaluated. Combination of polyI:C and radiation increased mRNA levels for *Cxcl9*,*Cxcl10*,*Ccl3*,*Ccl4*, and *Ccl5*. Likewise, a tendency for increased mRNA levels was observed for cytotoxicity‐related genes such as *Prf1*,*GzmB*, and *Fasl*.[34](#cas13543-bib-0034){ref-type="ref"} T helper type 1 (Th1) cells are reportedly crucial to adjust the microenvironment for CD8^+^ T‐cell activity.[35](#cas13543-bib-0035){ref-type="ref"} We also evaluated transcription levels of Th1‐related genes. Enhanced transcription of *Tbx21* and *Ifng* was observed in the polyI:C‐radiation group. Type I interferons assist in CTL immunity[36](#cas13543-bib-0036){ref-type="ref"} and *Ifnb* transcription was increased in the polyI:C‐radiation group in comparison to the radiation‐only group. These results show that polyI:C‐radiation therapy modifies the tumor microenvironment in such a way that CTL infiltration and activation are increased and are more effective than either polyI:C or radiation therapy alone.

3.6. TNF‐α is an effector for LLC‐OVA tumor growth retardation {#cas13543-sec-0017}
--------------------------------------------------------------

TNF‐α has been shown to be a pivotal effector for tumor cell death of the Lewis lung carcinoma tumor (3LL)[16](#cas13543-bib-0016){ref-type="ref"}; hence, the efficacy of polyI:C‐radiation therapy was evaluated in *Tnf‐*α^−/−^ mice (Figure [5](#cas13543-fig-0005){ref-type="fig"}A). Tumor growth retardation by polyI:C‐radiation therapy was abrogated in *Tnf‐*α^−/−^ mice. TNF‐α was not involved in tumor growth retardation by radiation monotherapy (Figure [5](#cas13543-fig-0005){ref-type="fig"}A). TNF‐α was found not only to damage tumor cells but also to sensitize the cells to radiation such that TNF‐α treatment prior to radiation synergistically decreased cell viability of LLC‐OVA cells in vitro (Figure [5](#cas13543-fig-0005){ref-type="fig"}B). TNF‐α also decreased viability when given after radiation (Figure [S4](#cas13543-sup-0001){ref-type="supplementary-material"}). Giving further i.p. polyI:C increased TNF‐α levels (Figure [5](#cas13543-fig-0005){ref-type="fig"}C) as well as the number of TNF‐α‐producing cells, indicated by intracellular fluorescent staining (Figure [5](#cas13543-fig-0005){ref-type="fig"}D). CD11b^+^ cells also produced TNF‐α in response to polyI:C. CD11c^+^ DC and CD45^−^ non‐immune cells were essentially TNF‐α negative. CD11b^+^ cells in tumors were either Gr‐1^+^ MDSC or F4/80^+^ macrophages, namely TAM.[37](#cas13543-bib-0037){ref-type="ref"} It was found that only F4/80^+^ cells produce TNF‐α. F4/80^+^ macrophages constituted approximately 40% of the tumor in both PBS‐ or polyI:C‐treated mice (Figure [5](#cas13543-fig-0005){ref-type="fig"}D). Hence, polyI:C‐induced TNF‐α production by TAM enhanced cell death of LLC‐OVA tumors in concert with radiation, which may promote CTL induction secondary to liberated TAA. Thus, TNF‐α is involved in tumor growth retardation during polyI:C‐radiation treatment.

![Polyinosinic‐polycytidylic acid (polyI:C) requires tumor necrosis factor alpha (TNF‐α) in augmenting ionizing radiation (IR)‐induced inhibition of tumor growth. A, Growth of ovalbumin‐expressing Lewis lung carcinoma (LLC‐OVA) tumors on WT B6 or *Tnf‐*α^−/−^ mice. PolyI:C‐radiation combination therapy was carried out as per Figure [1](#cas13543-fig-0001){ref-type="fig"}A. B, LLC‐OVA cells were treated with TNF‐α for 24 hours and then with X‐irradiation. After 48 hours culture, cell viability was assessed by WST‐1 assay; n = 3. C, LLC‐OVA tumor‐bearing WT B6 mice were i.p. injected with polyI:C (100 μg/head). After 1 hours, tumors were collected and TNF‐α concentration was determined by cytometric bead assay. D, Tumor‐infiltrating cells from PBS‐ or polyI:C‐treated mice in Figure [5](#cas13543-fig-0005){ref-type="fig"}C were cultured with brefeldin A (10 μg/mL) for 5 hours. Frequency of tumor‐infiltrating cells and intracellular TNF‐α expression in cells from PBS or polyI:C‐treated mice were determined by FACS. Representative FACS plots of 4 similar outcomes are shown. Data represent the means (SD)](CAS-109-956-g005){#cas13543-fig-0005}

4. DISCUSSION {#cas13543-sec-0018}
=============

The present study shows the importance of the TLR3 signaling pathway in augmentation of radiation‐mediated tumor growth suppression. Intraperitoneal pretreatment of mice with polyI:C before radiation showed higher efficacy against the tumor than post‐treatment. This pretreatment effect did not depend on CTL infiltration nor on TNF‐α (Figure [S4](#cas13543-sup-0001){ref-type="supplementary-material"}), but was possibly a result of the decrease of MDSC (Figure [S3](#cas13543-sup-0001){ref-type="supplementary-material"}). PolyI:C activity was abrogated in *Ticam1* ^−/−^ but not in *Mavs* ^−/−^ mice, suggesting that the TLR3 pathway rather than the cytoplasmic pathway is predominantly involved in enhancing the therapeutic effect of radiation. Both Batf3‐positive DC and CD8^+^ T cells were required for tumor growth retardation (Figure [6](#cas13543-fig-0006){ref-type="fig"}A). 3LL cells are sensitive to TNF‐α.[16](#cas13543-bib-0016){ref-type="ref"} Similarly, TNF‐α increased the susceptibility of LLC‐OVA to radiation and TAM produced TNF‐α in response to polyI:C (Figure [6](#cas13543-fig-0006){ref-type="fig"}B).

![Possible mechanisms of elevated therapeutic efficacy of radiation in combination with polyinosinic‐polycytidylic acid (polyI:C). A, PolyI:C‐induced tumor growth suppression with ionizing radiation (IR) depends on basic leucine‐zipper ATF‐like transcription factor 3 (Batf3)‐dependent dendritic cells (DC) and CTL. Toll‐like receptor‐3 (TLR3) stimulation leads to maturation of DC, subsequent CTL activation in lymphoid tissue, and infiltration into tumor. Dead cells arising in IR treatment may supply tumor‐associated antigens (TAA) to DC and contribute to the retardation of tumor growth. B, PolyI:C acts on tumor‐associated macrophages (TAM) and promotes TNF‐α production. As TNF‐α enhances radiosensitivity of LLC‐OVA cells, elevated damage by IR is expected to suppress tumor growth directly and augment anti‐tumor immunity by supplying TAA](CAS-109-956-g006){#cas13543-fig-0006}

LLC‐OVA cells contain OVA and other antigens that can be released from damaged cells. Locally released TAA are cross‐presented by DC with the involvement of Batf3‐positive DC (Figure [6](#cas13543-fig-0006){ref-type="fig"}). Tumor‐derived material such as DNA may modulate the tumor microenvironment or DC within DLN. However, this was not the case in that no tumor growth retardation was observed in *Tmem173* ^−/−^ mice. In contrast, giving i.p. dsRNA localized to DC and then primed the DC,[9](#cas13543-bib-0009){ref-type="ref"} whereas tumor cell nucleic acids DAMP did not do so. The reason for this differential effect is unknown. Cytoplasmic delivery of DNA to DC is a complicated process that can be accomplished by cell‐to‐cell contact and may be involved in cross‐priming of CTL that mediate inhibition of tumor growth. These results show that dsRNA differs from DAMP DNA in the context of DC priming in LLC‐OVA tumor‐bearing mice.

Radiotherapy‐induced, locally‐secreted DNA activates the cGAS‐STING pathway, which stimulates the innate immune system. DNA or DNA vaccination induces T‐cell immune responses by way of the TBK1‐interferon regulation factor 3 (IRF3)‐IFN‐α/β pathway. It is likely that DNA from irradiated tumor cells is the mediator of cGAS‐STING signaling in DC. Although the STING pathway is not involved in the therapeutic effect of radiation monotherapy for the LLC‐OVA tumor model, insufficient STING activation can be overcome by giving STING ligands (eg, cGAMP).[6](#cas13543-bib-0006){ref-type="ref"} However, cGAMP has been reported to induce a Th2 lymphocyte response[38](#cas13543-bib-0038){ref-type="ref"} and Th2 cytokines are known to suppress Th1 immunity in mice[39](#cas13543-bib-0039){ref-type="ref"} and patients with cancer.[40](#cas13543-bib-0040){ref-type="ref"} Interaction of polyI:C with antigen‐presenting DC would result in Th1 polarization and CTL proliferation.[9](#cas13543-bib-0009){ref-type="ref"} Whether polyI:C in combination with tumor‐derived DNA serves as an adjuvant for DC priming in this model is unknown. However, herein, polyI:C has been clearly shown to act as a TLR3 agonist, directly priming Batf3‐positive DC with concomitant tumor growth retardation.

In mouse models, polyI:C induces DC cross‐presentation of antigens to tumor‐specific CTL. TLR3 adjuvant is essential for this form of DC priming.[41](#cas13543-bib-0041){ref-type="ref"} However, few reports mention TLR3 ligand‐radiation combined therapy in mice. Why low concentrations of radiation‐released TAA are effective for induction of cross‐priming is of particular interest to this combination study. One explanation is that tumor damage as a result of radiation results in the release of a variety of antigens. With polyI:C‐radiation therapy, both antigen and adjuvant prime DC to stimulate CTL to expand and infiltrate the tumor. Importantly, with this therapy, there is no need for identification or exogenous injection of antigens. Hence, TLR3 ligand is better than previously reported immune adjuvants, such as TLR9 ligand, which required external antigens simultaneously.[23](#cas13543-bib-0023){ref-type="ref"} Identification of the precise role of polyI:C in CTL expansion and tumor infiltration in radiotherapy requires further investigation.

The tumor microenvironment is thought to be modified by short‐term free radicals generated by irradiation and multiple integral events subsequent to irradiation (3‐10 days). Radiation affects multiple immune response components including the release of danger signals, recruitment of myeloid cells, modulation of signal transduction, and alteration of innate and adaptive immune responses.[42](#cas13543-bib-0042){ref-type="ref"} Herein, a requirement for TLR3 signaling has been shown to be required for effective cross‐priming of anti‐tumor CTL following radiation therapy, at least in some tumor types. It is reasonable to presume that in mice, antigen‐presenting cells express TLR3 and respond to polyI:C with the generation of anti‐tumor immunity.

PolyI:C effectively induces CD4^+^ T cells, but only poorly induces CD8^+^ T cells in human patient blood following antigen‐adjuvant therapy.[43](#cas13543-bib-0043){ref-type="ref"} Combination therapy with radiation and TLR3 adjuvant has been reported to be effective in patients[44](#cas13543-bib-0044){ref-type="ref"}, [45](#cas13543-bib-0045){ref-type="ref"} and these studies provide a possible mechanistic basis for that effective therapy. Stereotactic radiation therapy for primary tumors can result in an abscopal effect in patients with metastatic cancer.[14](#cas13543-bib-0014){ref-type="ref"} Radiation therapy often exacerbates inflammation, and PolyI:C can also induce undesirable systemic inflammation as a result of cytokines released within 6 hours of administration.[46](#cas13543-bib-0046){ref-type="ref"} To minimize cytokine toxicity, TLR3‐specific ligands would be desirable[46](#cas13543-bib-0046){ref-type="ref"}, [47](#cas13543-bib-0047){ref-type="ref"} instead of polyI:C. TLR3‐specific stimulation can induce CD4^+^ and CD8^+^ T cells by acting on DC (Takeda, Yoshida and Matsumoto, unpublished data) and the use of the TLR3 ligand would benefit patients with solid tumors treated with radiation therapy by reducing adverse cytokine effects.
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